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We onsider the role played by the 4f states in the rare-earth oxyarsenides REOFeAs
(RE=Ce,Pr,Nd) and the oxyphosphate CeOFeP, using a rst-priniples tehnique that ombines
the loal density approximation and dynamial mean-eld theory (LDA+DMFT). In the Pr and
Nd ompounds, the 4f states are loated well below and above the Fermi level EF , and essentially
do not interat with the iron 3d bands loated near EF , resulting in loal moment behavior. In
the Ce ompounds, our results reveal a qualitatively dierent piture, with the 3d-4f hybridization
being suiently strong to give rise to an observable Kondo sreening of the loal 4f moment. Our
LDA+DMFT eletroni struture alulations allow us to estimate the Kondo temperature TK for
both CeOFeP and CeOFeAs. For the phosphate, the order of magnitude of our estimate is onsistent
with the experimental observation of TK ≃ 10K. At ambient pressure, TK is found to be negligibly
small for CeOFeAs. Under applied hydrostati pressure, we predit an exponential inrease of TK
whih reahes values omparable to the superonduting Tc ≃40 K at pressures above 10GPa. We
onjeture that the ompetition between the Kondo eet and superondutivity may be at the
origin of the monotonous derease of Tc observed in CeOFeAs under pressure. We argue that the
quantitative aspets of this ompetition are inonsistent with a weak-oupling BCS desription of
the superondutivity in the oxyarsenides.
PACS numbers: 71.27.+a,74.70.b
The disovery of the REO1−xFxFeAs superondu-
tors with a transition temperature up to Tc= 55 K
[1, 2, 3, 4, 5, 6℄ and the observation of superondutiv-
ity also in oxygen deient REFeAsO1−δ[7℄ has triggered
enormous eorts, both experimentally and theoretially,
aimed at understanding the eletroni properties of rare
earth iron oxypnitides. The evolution of Tc along the
series of rare earth elements, and possible orrelations
with strutural properties have attrated partiular in-
terest. While LaO1−xFxFeAs has a Tc of 26 K, the rit-
ial temperature is drastially inreased by replaing La
by other rare earth ions (RE=Ce,Pr,Sm,Nd,Gd), up to
∼55K for Sm . Possible orrelations between the evolu-
tion of Tc with hanges in the strutural parameters due
to dereasing size of the rare-earth ions along the series
have been reported in the literature [7, 8℄.
On the theoretial side, most ab initio studies have so
far onentrated on the La ompound. To our knowl-
edge, only the work of Nekrasov et al. [9℄ has ad-
dressed the question of how the eletroni struture of
REOFeAs hanges upon rare-earth substitution. On the
basis of LDA alulations, these authors obtained essen-
tially idential eletroni strutures for all the REOFeAs
ompounds onsidered (with RE=La,Ce,Pr,Nd,Sm,Y).
In their work [9℄, the 4f shells of the rare-earths were
treated as ore states. However, an intriguing question is
whether the low-energy eletroni struture of REOFeAs
might be modied along the rare earth series, due to the
hybridization between the Fe 3d band and the loalized
4f states of the rare earth ions. This possibility has not
been so far investigated in the literature. Meanwhile, a
Kondo sreening of the Ce loal magneti moment on the
4f shell has been observed in the CeFePO ompound, an
homologue of CeFeAsO, with a reported Kondo temper-
ature TK = 10 K [10℄. This implies the existene of an
hybridization between the Fe 3d bands in the viinity
of EF and the loalized Ce 4f states. The disovery of
the Kondo eet in CeFePO raises the possibility that
the Re4f -Fe3d hybridization might similarly lead to a
Kondo sreening of the RE loal moment in some of the
oxyarsenide ompounds.
In order to investigate the 4f states and their inter-
ation with other bands, a many-body treatment of the
strong Coulomb interation between 4f eletrons is ne-
essary. Therefore we have employed the ombined loal
density approximation and dynamial mean-eld theory
(LDA+DMFT) approah [11, 12℄ to study properties of
4f states in CeOFeP and REOFeAs (RE=Ce,Pr,Nd). We
show that in the Pr and Nd ompounds the 4f states are
very loalized, leading to unsreen loal moments. The
oupied 4f states are loated well below the 3d-Fe states,
and the unoupied ones well above.
We nd that the situation is dierent, however, for
the Ce ompounds CeOFePn (Pn=P and As), for whih
the oupied 4f band is loated at the bottom or just
below the bottom of the 3d-Fe states. The resulting hy-
bridization leads to Kondo sreening of the 4f Ce loal
moment at low T. We estimate the Kondo temperatures
of CeOFeP, and nd that the order of magnitude is on-
sistent with experiments. We predit a rapid inrease of
2the (very low) Kondo sale of CeOFeAs as a funtion of
pressure, due to the ontration of the Fe-Ce interatomi
distane and to the orresponding inrease of the f -d hy-
bridization. Moreover, we onjeture that the Kondo ef-
fet in CeOFeAs may be at the origin of the rather rapid
suppression of Tc under pressure observed in doped Ce-
OFeAs [13℄ (whih is in sharp ontrast to the behaviour
under pressure of LaOFeAs [13℄ at a similar doping level).
We have employed the LDA+DMFT approah using
the reently developed fully-selfonsistent framework de-
sribed in [14℄. The loal self-energy of the 4f shell is
omputed aording to the DMFT presription and by
employing the atomi (Hubbard-I) approximation [15℄.
This approah to loal orrelations has been shown to
be appropriate for the loalized 4f shells of rare-earths
ompounds [14℄. We have used the full four-index U ma-
trix for the loal Coulomb interation. The spin-orbit
oupling and splitting of the bare 4f levels due to the
rystal eld were taken into aount. Our alulations
are performed for the paramagneti state and at zero
temperature.
In order to determine the value of the loal Coulomb
interation U on the 4f shell, we have performed on-
strained LDA alulations. We obtain a value of about
9.7 eV for both CeOFeAs and CeOFeP. This is substan-
tially larger than the usual range of U values for pure
Ce. This result an be explained by the quasi two-
dimensional environment of the rare-earth sites in the
ase of oxypnitides, with only four nearest- neighbours
present, whih leads to a rather poor sreening of the
loal Coulomb interation. Values of the Slater integrals
F 2, F 4, and F 6, whih are known to be weakly dependent
on rystalline environment, have been taken from the op-
tial measurements of [16℄. The orresponding values of
the exhange parameter J are equal to be 0.69, 0.73,
and 0.77 eV for Ce, Pr, and Nd, respetively. For the
double ounting orretion, we have employed the fully-
loalized limit expression U(Nf − 1/2)− J(Nf/2− 1/2),
where the oupany Nf in the atomi limit and at zero
temperature is equal to 1, 2, and 3 for Ce, Pr, and Nd,
respetively.
All alulations have been arried out at the exper-
imental lattie parameters a and c [2, 3, 4℄. An un-
usual sensitivity of the low-energy eletroni struture of
iron oxypnitides to the vertial distane between the Fe
and As planes zAs has been pointed out in the literature
[17, 18℄. However, in the present work, we mainly fous
on high-energy features of the eletroni struture, par-
tiularly on the 4f bands and their interation with other
bands. Those features are not expeted to be very sen-
sitive to small hanges in the Fe-As distane, they may
rather show some sensitivity with respet to the verti-
al position of the rare-earth plane zRE , whih is almost
onstant along the series [8, 19, 20℄. Thus the experi-
mental values of the internal parameters zAs and zRE for
LaOFeAs [21℄ have been used for all oxyarsenides stud-
ied, while CeOFeP has been omputed with the internal
parameters xed at their experimental values for PrOFeP
[22℄.
Beause the atomi Hubbard-I approximation to
strong orrelations is not able to apture diretly the
Kondo eet, we have employed the approah of Gun-
narsson and Shönhammer [23℄ to alulate the Kondo
temperature. Within this approah the Kondo temper-
ature is given (in the Kondo regime) by the following
expression:
TK = De
−
|ǫf |
Nfρ0V
2
cf , (1)
where ǫf is the average position of the oupied 4f level,
ρ0 is the density of states at the Fermi level, Nf is the
f band degeneray, Vcf is the average hybridization ma-
trix element between the 4f level and the ondution
band, D is the bandwidth of the oupied part of the
ondution band. As shown in [23℄, the spin-orbit split-
ting yields a rather small orretion to TK and an be
negleted, so that we take Nf=14. The value of V
2
cf an
be estimated from the imaginary part of the DMFT hy-
bridization funtion at EF , whih reads:
Im∆(EF ) = Im
∑
k
|V kcf |
2
EF − ǫk
≈ πρ0V
2
cf , (2)
where ǫk are the ondution band states. For a degener-
ate ase, the average value of V 2cf an be extrated from
Tr Im∆(EF )/Nf . An aurate evaluation of the parame-
ters entering in the exponential fator in (1) is neessary
to obtain any reasonable estimate of TK . Thus we have
employed a 9000 k-point mesh in the Brillouin zone in
our LDA+DMFT alulations in order to evaluated the
average hybridization Vcf and the 4f level position ǫf .
To obtain an aurate value of the density of states at
the Fermi level, we use a Full-Potential APW+loal or-
bitals ode[24℄ with the 4f states in the ore. We have
heked that all the values used in alulation of TK are
onverged with respet to the k-point mesh.
First, we disuss the LDA+DMFT eletroni struture
of the CeOFeP ompound in onnetion with the Kondo
sreening of the Ce loal magneti moments observed ex-
perimentally in this ompound. In the upper panel of
Fig. 1 the LDA+DMFT spetral funtion at U − J =9
eV (in red) is superimposed to the band struture ob-
tained by treating the Ce 4f states as ore (in blue).
The empty Ce 4f states (the upper Hubbard band) form
rather dispersionless bands between 6 and 9 eV above
EF hybridized to a ertain degree with the Ce 5d band.
The oupied part (the lower Hubbard band) of the Ce
4f states is loated at about 1.8-2 eV below EF . It hy-
bridizes substantially with the p states of mostly oxy-
gen harater at the top of the As/O p band, ausing a
downward shift of 0.5 eV of the oxygen 2p band that was
loated at ∼ 2.3 eV in the LDA with f in ore band stru-
ture. In the lower panel the orresponding partial density
3Figure 1: Eletroni struture of CeOFeP obtained within
LDA with the 4f states treated as ore (blue line) and within
LDA+DMFT (red line). The 4f states of RE form a rather
dispersionless upper Hubbard band 6-9 eV above the Fermi
energy. The lower Hubbard band is more dispersed due to
hybridization with O 2p and Fe 3d. It is loated between -1.8
and -2 eV/ In the lower panel the density of oupied states
is displayed, with the total, partial Ce 4f , Fe 3d, pnitogen p
and O 2p shown by blak, red, green, blue, and orange urves,
respetively. One may notie a rather strong hybridization
between the O 2p states at the top of p band and the oupied
4f states.
of (oupied) states is depited. Note that, beause the
Hubbard-I approximation does not apture the Kondo
peak, the LDA+DMFT (Hubbard-I) spetral funtion in
Fig. 1 should be viewed as the band struture for T > TK .
From the imaginary part of the Ce 4f hybridization
funtion we have obtained Vcf=116 meV, while ǫf=-2.0
eV, ρ0=1.85 (eV×formula unit)
−1
, and D ∼2 eV for the
Fe 3d bands, resulting in an estimate of TK ≃ 77K. This
is a reasonable order of magnitude in omparison to the
experimental result TK=10 K of Brüning et al. [10℄, given
that our estimate for TK is obtained for the single impu-
rity ase. Indeed, the orresponding TK for the Kondo
lattie is expeted to be redued by at least a fator
of 2 for the approximately half-lled ondution (Fe 3d)
band under onsideration[25℄. Our estimates for ǫf and
ρ0V
2
cf=25 meV also ompare well with the orresponding
values of -2.4 eV and 19 meV, respetively, obtained for
CeCu2Si2 by Kang et al. [26℄ from a t to the exper-
imental PES spetra. As noted in Ref. [10℄, CeCu2Si2
and CeOFeP have about the same Kondo temperature
and Sommerfeld oeient γ of the spei heat.
We have also performed LDA+DMFT alulations for
CeOFeP using the "standard" value of 6 eV for the U
parameter of pure Ce 4f . Those alulations predit the
lower Hubbard band to be muh loser to the Fermi level,
with ǫf ≃ −0.5eV. This would lead to a unrealistially
high Kondo temperature for CeOFeP, even if one takes
into aount neessary orretions to (1) due to devia-
tion from the Kondo regime (mixed valene behavior)
for small values of |ǫf |. Therefore, the onstrained LDA
value of the loal Coulomb interation U − J=9 eV pro-
vides a better desription of the Kondo behaviour in Ce-
OFeP as ompared to the usual hoie of U for pure Ce.
We used the same value to study the oxyarsenides.
In Fig. 2, we ompare the LDA+DMFT band stru-
tures of stoihometri CeOFeAs, PrOFeAs and NdOFeAs
with the band strutures obtained for the same om-
pounds within LDA by treating the rare-earth 4f states
as ore. Dierenes between the LDA+DMFT and LDA-
with-4f -in-ore eletroni strutures are espeially pro-
nouned well above EF , where the unoupied 4f states
form a set of dispersionless bands in the range of ener-
gies from 6 to 9 eV, from 4 to 8 eV, and from 3 to 7 eV
for the Ce, Pr, and Nd ompounds, respetively. The
width of about 3 eV of those upper Hubbard bands is
due to multiplet splittings assoiated with the exhange
and spin-orbit interations. The oupied 4f states are
loated in the range of energies from -2.3 to -3 eV in Ce-
OFeAs, from -4 to -5 eV in PrOFeAs, and below -6 eV
for NdOFeAs. Similarly to the ase of CeOFeP, the ou-
pied 4f states hybridize rather strongly with the oxygen
p states, whih are loated mainly at the top of the As
4p/O 2p band. This 4f -2p hybridization leads to some
modiations at the top of the O/As p band in ompar-
ison with the f -in-ore band struture. In ontrast, the
Fe 3d bands are hardly modied by the interation with
the 4f states, as one may see in the upper panel of Fig. 2
where blue and red bands orresponding to Fe (lose to
the Fermi level) essentially oinide. From these results,
we onlude that the 4f eletrons behave as unsreened
loalized moments in the Pr- and Nd- ompounds.
In ontrast, for CeOFeAs, the lower Hubbard band is
loated rather lose to the Fe 3d bands (see the orre-
sponding DOS on Fig. 2). Thus, in analogy to the ase
of CeOFeP, in CeOFeAs one might expet to observe a
Kondo sreening of the 4f loal moment. We have esti-
mated the Kondo temperature in CeOFeAs using formula
(1), and the resulting values are given in the rst row of
Table I. With D ≃ 2eV for the Fe3d bands, this leads to
a value of TK of order 10
−4
K. Thus, TK in CeOFeAs is
4Figure 2: Eletroni struture of stoihiometri iron oxyarsenides obtained within LDA with the 4f states treated as ore
(blue line) and within LDA+DMFT (red line). The empty 4f states of RE form a rather dispersionless upper Hubbard band
signiantly above the Fermi energy. The lower Hubbard band is loated just below the bottom of the Fe 3d band, in the
middle of the O/As p band and below the p band in CeOFeAs, PrOFeAs, and NdOFeAs, respetively. The lower panel displays
the orrseponding densities of states, the olor oding is the same as in Fig. 1
negligible in omparison to the magneti ordering tem-
perature for the Ce loal moments, whih was measured
to be about 5K in this ompound[3℄. This drasti redu-
tion of the Kondo sale (by about 5 orders of magnitude
!) in omparison to TK for CeOFeP is mainly due to
a substantially weaker 3d-4f hybridization in CeOFeAs.
This derease of the d-f hybridization is rather expeted,
as the Fe-Ce distane is larger in CeOFeAs than in Ce-
OFeP.
In order to investigate the behavior of the Kondo
sale under applied pressure we have estimated the or-
responding hange in volume of CeOFeAs. Methods
based on the atomi sphere approximation an not re-
liably desribe elasti properties of a omplex rystal
struture. One may notie that the strutural param-
eters of CeOFeAs and LaOFeAs are rather similar, while
the 4f states of Ce, being still essentially loalized, are
not expeted to aet substantially the elasti prop-
erties of CeOFeAs. Therefore, for CeOFeAs we have
adopted the theoretial elasti onstants omputed for
LaOFeAs [27℄ within a full-potential approah. With
those elasti onstants the relative values of the lattie
parameters a/a0(c/c0) of CeOFeAs (where a0 and c0 are
the orresponding values at zero pressure) are equal to
0.985(0.978), 0.970(0.956), and 0.955(0.934) under hy-
drostati pressure of 5, 10, and 15 GPa, respetively.
Anisotropy of the elasti onstants leads to a substan-
tially larger relative ontration for the c- parameter om-
Table I: The average hybridization Vcf and 4f level position
ǫf , density of states at the Fermi level ρ0, and Kondo tem-
perature TK in CeOFeAs as funtion of applied pressure
P(GPa) Vcf (meV) ǫf (eV) ρ0 (eV*formula unit)
−1 TK (K)
0 77 -3.03 2.0 0.0003
5 90 -2.74 1.86 0.067
10 111 -2.38 1.77 9.8
15 129 -2.04 1.70 137.0
pared with the one for a.
In Table I we list, as a funtion of applied pressure,
the values of the average hybridization Vcf and 4f -level
position ǫf obtained within LDA+DMFT as well as the
density of states at the Fermi level. One may see that
Vcf grows substantially with inreasing pressure, while
the 4f -level position is shifted towards the Fermi level.
The redution of the Ce-Fe distane naturally leads to
an inrease in the orresponding hybridization matrix el-
ements, the ontration in the Ce-O distane further en-
hanes the strong O 2p-Ce 4f hybridization, leading to
the upwards shift of ǫf . The Fe 3d bandwidth inreases
as well under pressure, leading to a drop in ρ0. However
the eets due to the sharp rise in Vcf are obviously the
most important, leading to a redution of |ǫf |/(ρ0V
2
cf ) in
formula (1) and to a orresponding (almost exponential)
inrease of the Kondo temperature as a funtion of pres-
5Figure 3: Experimental evolution of the superonduting
transition temperature Tc in CeO0.88F0.12FeAs under applied
pressure[13℄(red dashed urve) and our theoretial estimate
for the orresponding evolution of the Kondo temperature TK
in CeOFeAs (blue solid urve).
sure (see Table I). Hene, TK raises from the negligible
value of 10−4 K at ambient pressure to a value of order
100 K under an applied pressure of 15 GPa.
Within our approah one may only obtain a rather
rude estimate for TK . But our qualitative onlu-
sions should be rather robust: as the pressure in-
reases the Kondo temperature exhibits an exponential
growth, from values whih are negligible ompared to
the superonduting transition temperature Tc at am-
bient pressure, up to values of the same order of mag-
nitude as Tc at pressures above 10GPa. It is interest-
ing to ontrast the predited enhanement of TK un-
der pressure with the behavior of Tc observed experi-
mentally for CeO0.88F0.12FeAs [13℄ (see Fig. 3). In on-
trast to LaOxF1−xFeAs at a very similar doping level,
for whih Tc raises with inreasing pressure up to 5
GPa before starting to derease rather slowly [13℄, in
CeO0.88F0.12FeAs one observes a monotonous and rather
steep derease of Tc with inreasing pressure. The super-
onduting transition is atually ompletely suppressed
at pressures of about 20 GPa. As one may see in Fig. 3, a
rapid redution of Tc sets in at pressures (above 5 GPa),
at whih TK starts to reah values of order of a few de-
grees Kelvin. Thus, we may onjeture that the rapid
suppression of superondutivity observed in the doped
CeOFeAs under pressure is due to the orresponding
stabilization of a ompeting heavy-fermion phase with
Kondo-sreened loal moments of the Ce shell.
The ompetition between the Kondo eet and s-wave
superondutivity has been investigated theoretially in
Ref. [30℄, in the framework of the periodi Anderson
model. This study onluded that with TK > T
2
c0/W
(where Tc0 is the transition temperature in the absene
of the Kondo eet and W is the bandwidth of the on-
dution band), the s-wave superondutivity beomes
rapidly suppressed, with Tc dereasing exponentially as a
funtion of TK . This expresses the ompetition between
the Kondo sreening energy (∼ TK) and the ondensation
energy ∼ T 2c0/W of a weak-oupling BCS superondu-
tor. In our ase the threshold value of TK = T
2
c0/W is of
order of 0.1 K. However, our estimates of TK lead us to
onlude that while the Kondo eet may be responsible
for a rather rapid suppression of the superondutivity
in CeOxF1−xxFeAs under applied pressure, the atual
superonduting phase is still muh more robust than
what would be predited by the theory in Ref. [30℄. This
points out to important dierenes between the nature of
the superondutivity of the rare-earth iron oxyarsenides
and that of a weak-oupling BCS superondutor.
In onlusion, our study reveals that while for the heav-
ier rare-earths the eletrons in the 4f shell of rare-earth
oxyarsenides behave as unsreened loal moments, the
Cerium-based ompounds behave in a dierent manner.
There, a ompetition between Kondo sreening and su-
perondutivity takes plae under applied pressure. This
may be responsible for the suppression of superondu-
tivity under applied pressure in the erium-based om-
pounds, and suggests that the ompeting phase at large
pressure should be a heavy-fermion state with a moderate
eetive-mass enhanement. Orders of magnitude sug-
gest however that the Kondo eet is less detrimental to
superondutivity in these ompounds than for a weak-
oupling BCS superondutor, hene providing indiret
evidene for the unonventional nature of superondu-
tivity in the oxyarsenides. This ompetition between su-
perondutivity and a heavy-fermion state deserves fur-
ther theoretial and experimental investigations.
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